Fluorine Abundances in the Galactic Disk by Guerço, Rafael et al.
ar
X
iv
:1
90
9.
08
65
5v
2 
 [a
str
o-
ph
.SR
]  
20
 Se
p 2
01
9
Draft version September 23, 2019
Typeset using LATEX preprint style in AASTeX62
Fluorine Abundances in the Galactic Disk
Rafael Guerc¸o,1 Katia Cunha,2, 1 Verne V. Smith,3 Christian R. Hayes,4 Carlos Abia,5
David L. Lambert,6 Henrik Jo¨nsson,7, 8 and Nils Ryde7
1Observato´rio Nacional, Sa˜o Cristo´va˜o, Rio de Janeiro, Brazil
2University of Arizona, Tucson, AZ 85719, USA
3National Optical Astronomy Observatories, Tucson, AZ 85719 USA
4University of Virginia, Charlotesville, VA 22904, USA
5Depto. Fisica Teorica y del Cosmos, Universidad de Granada, E-18071 Granada, Spain
6W. J. McDonald Observatory and Department of Astronomy, University of Texas at Austin, Austin, TX 78712, USA
7Lund Observatory, Department of Astronomy and Theoretical Physics, Lund University, Box 43, SE-22100 Lund,
Sweden
8Materials Science and Applied Mathematics, Malmo¨ University, SE-205 06 Malmo¨, Sweden
ABSTRACT
The chemical evolution of fluorine is investigated in a sample of Milky Way red giant
stars that span a significant range in metallicity from [Fe/H]∼ -1.3 to 0.0 dex. Fluorine
abundances are derived from vibration-rotation lines of HF in high-resolution infrared
spectra near λ2.335µm. The red giants are members of the thin and thick disk / halo,
with two stars being likely members of the outer disk Monoceros overdensity. At lower
metallicities, with [Fe/H] < -0.4 to -0.5, the abundance of F varies as a primary ele-
ment with respect to the Fe abundance, with a constant subsolar value of [F/Fe]∼-0.3
to -0.4 dex. At larger metallicities, however, [F/Fe] increases rapidly with [Fe/H] and
displays a near-secondary behavior with respect to Fe. Comparisons with various mod-
els of chemical evolution suggest that in the low-metallicity regime (dominated here
by thick disk stars), a primary evolution of 19F with Fe, with a subsolar [F/Fe] value
that roughly matches the observed plateau can be reproduced by a model incorporating
neutrino nucleosynthesis in the aftermath of the core collapse in supernovae of type II
(SN II). A primary behavior for [F/Fe] at low metallicity is also observed for a model
including rapid rotating low-metallicity massive stars but this overproduces [F/Fe] at
low metallicity. The thick disk red giants in our sample span a large range of galacto-
centric distance (Rg ∼ 6–13.7 kpc), yet display a ∼constant value of [F/Fe], indicating
a very flat gradient (with a slope of 0.02 ± 0.03 dex/kpc) of this elemental ratio over a
significant portion of the Galaxy having |Z| > 300 pc away from the Galaxy mid-plane.
Keywords: Fluorine abundances, metallicities, red giants
1. INTRODUCTION
rguerco@on.br
2 Guerc¸o et al.
The main processes responsible for the synthesis of chemical elements in the Universe include
nucleosynthesis during the Big Bang and spallation reactions driven by cosmic ray interactions with
the ambient interstellar medium, which produce much of the light-element abundances (H, He, Li, Be,
B), while nuclear reactions in stellar interiors produce the bulk of the heavy elements, from carbon on
up. Understanding the astrophysical origins of the different chemical elements provides insights into
both the formation and evolution of stars, as well as the Galaxy and its various components, such
as the disk, the bulge, or the halo. Fluorine is the focus of the work presented here, as its detailed
origins remain somewhat uncertain, given that the behavior of the fluorine abundance as a function
of metallicity (e.g., [Fe/H]), in particular at low metallicity, is not well known.
Fluorine consists of a single stable isotope, 19F, and has been suggested to be produced in a variety
of astrophysical sites, such as asymptotic giant branch (AGB) stars via neutron and proton captures
during He-burning thermal pulses (e.g, Jorissen et al. 1992; Forestini et al. 1992; Cristallo et al.
2014), inelastic neutrino scattering off of (primarily) 20Ne during Type II supernovae (SNII; Woosley
& Haxton 1988; Woosley et al. 1990), core He-burning in Wolf-Rayet stars undergoing high mass-
loss rates (e.g., Meynet & Arnould 2000), or rapidly rotating low-metallicity high-mass stars (e.g.,
Prantzos et al. 2018). In the AGB, Wolf-Rayet, and rapidly rotating low-metallicity high-mass stars,
19F is produced by a variety of α-captures (He-burning), along with neutron and proton captures
(requiring hydrogen to be mixed into the He-burning regions), but the expected reaction sequences
are somewhat different between the low-mass AGB stars and the higher mass stars, although in
all sources the reaction sequences leading to F production begin with 14N. In the case of AGB
stars, Cristallo et al. (2014) favor the reaction sequence 14N(n,p)14C(α,γ)18O(p,α)15N(α,γ)19F as
the major source of F, while for the higher mass stars, the expected main F production channel
is 14N(α,γ)18F(β+)18O(p,α)15N(α,γ)19F (Meynet & Maeder 2000). With such a variety of possible
sources and somewhat varied nuclear reaction chains, the chemical evolution of fluorine in the Galaxy
may be complex, but has been modelled by a number of authors, such as Renda et al. (2004),
Kobayashi et al. (2011a; 2011b), Spitoni et al. (2018), and Prantzos et al. (2018).
Several observational studies of F in red giants, including AGB stars, have demonstrated and
documented the nucleosynthesis of 19F in AGB stars (Jorissen et al. 1992; Uttenthaler et al. 2008;
Abia et al. 2009, 2010, 2015, 2019), although the importance of AGB stars as a source driving
the chemical evolution of F remains uncertain. Fluorine has also been shown to be a reactant in
the H-burning cycles that have altered the C, N, O, F, Na, Mg, and Al abundances between the
different generations of stars found in globular clusters (Cunha et al. 2003; Smith et al. 2005; Yong
et al. 2008; Alves-Brito et al. 2012; de Laverny & Recio-Blanco 2013a; 2013b; D’Orazi et al. 2013),
with the F abundances found to be lower in the so-called 2nd generation globular cluster stars. In
the globular cluster stars, the above-mentioned abundance studies have generally found that the F
abundances are found to anti-correlate with the Na abundances; these results may suggest that hot
bottom burning (HBB) in massive AGB stars (M∼4-6M⊙) destroys
19F during Ne-Na H-burning at
the base of the deep convective envelopes (e.g., Fenner et al. 2004; Smith et al. 2005). The fact that
AGB stars can be both a source of 19F during He-burning thermal pulses, as well as a sink in massive
AGB stars during HBB illustrates one facet of the complexity in the chemical evolution of fluorine.
Attempts to probe the chemical evolution of fluorine in the Galaxy and to quantify the relative
importance of the various astrophysical sources of 19F have relied on studies of field stars or open
clusters across a range of metallicities. Due to the lack of strong atomic fluorine lines in the optical
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or infrared (IR) parts of the spectrum, observations of HF are the only practical tool for deriving F
abundances; however the HF lines are typically fairly weak, due to fluorine’s intrinsically low abun-
dance coupled with HF’s rather modest dissociation energy (D0=5.87eV). Due to these observational
challenges, most of the studies directed at understanding the chemical evolution of fluorine have
secured its behavior at roughly solar to moderately subsolar metallicities and have reached differing
conclusions: Recio-Blanco et al. (2012), from an analysis of cool main-sequence stars with abun-
dances from [Fe/H]∼-0.4 to +0.1, conclude that neutrino nucleosynthesis (the ν-process) in SN II
appear to be the main site of F production. Nault & Pilachowski (2013) and Pilachowski & Pace
(2015), from a study of near-solar metallicity open clusters and field G and K giants also conclude
that the ν-process is an important source for Galactic F, with perhaps some contribution from AGB
stars. Jo¨nsson et al. (2017), using a sample of some 49 G and K giants having a metallicity range
of [Fe/H]∼-0.7 to +0.3, find that fluorine behaves as a secondary element relative to Fe and O and
conclude that AGB stars are the dominant source of 19F in the Galaxy. (The net increase in the
abundance (the yield), dN(X), of secondary element X from its progenitor star is proportional to the
initial metallicity (e.g., N(Fe)) of the star, so the final yield will be proportional to the metallicity
squared (N(X)∝N(Fe)2). The stellar yield of a primary element, Y, is independent of the progenitor
star’s metallicity and will increase linearly with the stellar metallicity (N(Y)∝N(Fe))).
Probing the behavior of fluorine over a larger range of metallicity, in particular pushing to low
metallicities (i.e., below [Fe/H]∼-0.7 dex) would help to elucidate the origins of fluorine: this is the
main goal of this study. This paper is organized as follows: the target selection and observations
of the infrared and optical spectra are discussed in Section 2; Section 3 describes the determination
of the stellar parameters and Section 4 the abundance analysis and uncertainties in the abundance
determinations. The results are compared to literature values in Section 5 and discussed in Section
6.
2. TARGET SELECTION AND OBSERVATIONS
The chemical evolution of fluorine in the Galaxy requires a sample of cool giants that includes stars
with low metallicity, yet have detectable HF lines; this requires a search for red giants with both cool
effective temperatures (Teff) and low values of [Fe/H]. Such combinations become rare in field giants
due to the shift of low-metallicity giants at constant luminosity to higher values of Teff relative to
higher-metallicity giants. The vibration-rotation HF lines in the K-band, near λ2.3µm, are the only
spectral lines with which to determine precise fluorine abundances. These HF lines can be detected
in red giants with effective temperatures of ∼4000K or less and metallicities in the range of [Fe/H]∼
-0.7 to -1.5, via high-resolution IR spectra (R∼45,000) with signal-to-noise ratios >100.
The target stars were selected as follows: thirteen nearby red-giants were selected from the FTS
KPNO archive; four targets (observed with the Phoenix spectrograph on Gemini South) were selected
from the GGSS Survey (Kundu et al. 2002); five targets (observed with the Phoenix spectrograph
at the KPNO 2.1 m telescope) were selected from Norris et al. (1986); and five targets (observed
with the iShell spectrograph on the IRTF) were selected from the APOGEE DR14 survey (Majewski
et al. 2017). The selected red giants in this study are found in Table 1; their parallaxes are from
Gaia DR2 (Gaia Collaboration 2018) and distances from Bailer-Jones et al. (2018) are also listed
(when available), along with their V and K magnitudes, which were used in the effective temperature
determinations of some of the sample stars, plus the reddening Av, when considered. This sample
contains red giants from the Galactic disk, probably from both the thin and thick disks; their Gaia
4 Guerc¸o et al.
parallaxes and distances indicate that they cover a large range of distances, going from the very local
neighborhood, including the nearest red-giant Arcturus, to more distant stars (d ∼ 6 kpc). Their
metallicities also encompass the metallicity range of the thin disk, with overlap of the thick disk,
overall spanning a range from roughly solar ([Fe/H]=0) to [Fe/H]=-1.2 dex.
2.1. Infrared Spectra
No useful atomic fluorine lines are available in the visible region of the spectrum and detectable
atomic F I lines lie in the far UV at λ ∼ 950 A˚. However, in cool stars, fluorine abundances can be
derived using the HF molecule, which has transitions in the infrared that provide detectable lines
from its fundamental vibrational mode.
In order to study the HF rotational-vibrational transitions near λ2.358 µm in the spectra of red
giants, high-resolution spectra were obtained with combinations of spectrographs and telescopes;
some instrumental set-ups allowed only for the observation of the HF (1-0) R9 line, while in oth-
ers secondary HF lines could be observed. The observed red giants and corresponding spectro-
graph/telescope combinations used are listed in Table 1.
Observations with the NOAO Phoenix Spectrograph (Hinkle et al. 2003) were obtained on two
different telescopes: the Kitt Peak National Observatory (KPNO) 2.1-meter and the Gemini South
8.1-meter Telescope. In addition, the 3.0-meter NASA Infrared Telescope Facility (IRTF) was used
with the iSHELL spectrograph (Rayner et al. 2016). The spectra obtained with iSHELL on the
IRTF were geared towards observations of low metallicity stars based on SDSS/APOGEE (Majewski
et al. 2017) DR14 stellar parameters, while the Phoenix observations were aimed primarily at red
giants having intermediate metallicities, as determined from Washington photometry in the Grid
Giant Star Survey (GGSS; Kundu et al. 2002).
The Phoenix spectra were centered at ∼ λ23,360A˚ and have a resolution R ≡ λ/∆λ = 50,000.
The Phoenix spectra have a limited spectral coverage of ∼100A˚; although small, the selected region
contains molecular lines of CO, the HF(1-0) R9 transition and, in particular for the Gemini-S spectra,
it contains an isolated atomic Fe I line at 23,308.477A˚ that can (in the absence of spectra with larger
spectral coverage) be used to estimate the stellar metallicity. It should be noted, however, that the
Phoenix spectra obtained with the KPNO 2.1-m have a slightly different wavelength coverage (from
λ23,315 to 23,430 A˚) and do not contain the Fe I line. The reduction of all the obtained Phoenix
spectra to one dimension followed standard procedures; see the discussion in Cunha et al. (2003).
The iSHELL spectra analyzed here have higher resolution than the Phoenix spectra (R ≡ λ/∆λ =
75,000) and much larger spectral coverage, between ∼ 22,850 and 23,750 A˚. The available Spextool
v5.0.2 (SPectral EXtraction TOOL; Cushing, Vacca & Rayner 2004) was used to perform the reduc-
tion of the iSHELL spectra to one dimension. The reduction steps include: creation of normalized
flat field images and wavelength calibration files; a non-linearity correction was applied to the raw
data and flat fields; apertures positions were identified and extracted; the raw data were divided
by the flat fields; telluric corrections and flux calibrations were performed on combined multi-order
spectra; telluric-corrected spectra were merged into a single continuous spectrum for each star; finally
the continuous spectra were corrected by removing bad pixels.
In addition to the Phoenix and iSHELL spectra, we collected IR spectra from the Fourier Transform
Spectrometer (FTS) archive (Pilachowski et al. 2017; https://sparc.sca.iu.edu), for a sample of disk
red giants observed with the FTS on the KPNO 4-m telescope (Hall el al. 1979). The FTS spectra
analyzed have R ≡ λ/∆λ = 45,000 and cover the spectral region between λ19,500–24,000A˚. Most of
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the selected FTS targets are bright, nearby red giants analyzed previously for chemical abundances
by Smith & Lambert (1985; 1986; 1990) and Jorissen et al. (1992). We also analyzed the higher
resolution (R = 100,000) FTS spectrum obtained with the 4-m telescope of the “standard” red giant
Arcturus (Hinkle, Wallace & Livingston 1995; ftp://ftp.noao.edu/catalogs/arcturusatlas/ir/). All
spectral data sets included observations of hot standard stars observed on the same nights (except
for two stars with observations from the FTS archive) whenever possible over a range of air masses.
These were used to map the telluric lines in this spectral region (consisting of a mixture of CH4
and H2O lines), which were then removed by dividing the program stars by the hot star, taking into
account airmass differences. The task ‘telluric’ within the software package IRAF was used, except
for the iSHELL spectra, where telluric division was included as part of the reduction pipeline. In
addition, all stellar and telluric spectra were inspected visually in the regions of the HF lines to
ascertain the significance of telluric contamination to each line.
Figure 1 shows sample reduced spectra for each one of the three different infrared spectrographs
used in the observations: FTS (top panel), Phoenix (middle panel), and IRTF (bottom panel). The
spectra are shown in the region between ∼ λ23,300–23,400A˚, most of which is available for all targets.
2.2. Optical spectra
Four of our target stars (HD 19697, HD 20305, HD 28085, and HD 90862) were also observed with
the high-resolution optical Sandiford Cassegrain Echelle Spectrometer (SES) on the 2.1-m Struve
Telescope at McDonald Observatory; the SES spectra analyzed have a resolution R = 60,000 and
cover wavelength range between λ6030–7980A˚. The optical spectra of these four targets were used
to derive the metallicties for the stars given that their Phoenix spectra (obtained on the KPNO
2.1-m telescope) had limited wavelength coverage, not reaching the Fe I line at λ23,308.477A˚. The
reduction of the SES spectra to one dimension (described in Bizyaev et al. 2006) used the IRAF
package and standard steps for bias subtraction, division by flat field, scattered light subtraction, as
well as, wavelength calibration using a Th-Ar lamp.
The optical spectrum of the “standard” red giant Arcturus (Hinkle et al. 2000) was also analyzed
here with the goal of comparing the metallicity scales obtained from the analysis of the optical and
infrared spectra and evaluate possible systematic offsets between the derived metallicities. The results
from this comparison will be presented in Section 5.
3. STELLAR PARAMETERS
A Teff - log g diagram showing the stars studied here is presented in Figure 2; the target red giant
stars are quite luminous and located high up on the red-giant branch. For reference we also show
in the figure the PARSEC (PAdova and TRieste Stellar Evolution Code) isochrones from Bressan et
al. (2012) with metallicities corresponding roughly to the range in metallicity of the studied stars:
solar, -0.5 and -1.0. The stellar parameters derived for the studied stars are presented in Table 2. In
the following section we discuss the stellar parameters determinations.
3.1. Effective Temperatures
The effective temperatures for the studied stars were obtained either from a photometric calibration,
from optical lines of Fe I, or from the H-band APOGEE spectra, depending on the availability of
spectra, reliability of photometric magnitudes, and degree of extinction.
For those target stars not having optical nor APOGEE spectra, we derived photometric Teffs
from the V–K colors (Table 1), using the calibration in Bessell et al. (1998; Teff = 9102.523 -
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3030.654(V–K) + 633.3732(V–K)2 - 60.73879(V–K)3 + 2.135847(V–K)4). For two stars in the sample
(2MASS06232713-3342412 and 2MASS07313775-2818395) V magnitudes were not available and we
used the 2MASS J-K magnitudes, transformations from Carpenter (2001) and the same calibration
(Bessell et al. 1998) to estimate the effective temperatures. For the nearby stars in our sample
interstellar extinction was not considered; for stars with distances larger than 150 pc and less than 1
kpc, we determined AV using the Chen et al. (1998a) extinction law with the reddening correction
E(B-V) and extinction AK determined using RV = 3.070 and RK = 0.342 from McCall (2004). For
more distant stars (having distances larger than ∼ 1 kpc, Table 1, we relied on Green et al. (2018),
who provide E(B-V) using 3D Dust Mapping with Pan-STARRS 1 and 2MASS data.
For the target stars taken from the SDSS IV - APOGEE survey (observed with the iSHELL spectro-
graph), we adopted the APOGEE DR14 calibrated effective temperatures derived from the APOGEE
spectra automatically by the ASPCAP pipeline (Garc´ıa Pe´rez et al. 2016). ASPCAP derives stellar
parameters and metallicities from synthetic spectra and global 7-D fits to the APOGEE spectra via
χ-squared minimization.
The effective temperatures for those stars having SES spectra (HD 19697, HD 20305, HD 28085
and HD 90862; Table 1) were determined using a sample of Fe I lines between 6050 A˚ and 6860 A˚
and their measured equivalent widths. The methodology adopted in the determination of the stellar
parameters derives at the same time the stellar metallicities and will be discussed in Section 4.2.
3.2. Surface Gravities
The surface gravities for the stars were derived using the PARAM 1.3 code (http://stev.oapd.inaf.it/cgi-bin/param 1.3)
with parallaxes, V magnitudes, effective temperatures, initial values for the metallicities as inputs
(Table 1), and using the PARSEC isochrones from Bressan et al. (2012) for scaled-solar composition,
with the Y=0.2485+1.78Z relation and Z⊙=0.0152. The PARAM 1.3 code is a web interface for the
Bayesian estimation of stellar parameters (see Rodrigues et al. 2014 and da Silva et al. 2006). The
parallaxes for the stars were taken from Gaia DR2. In a few cases, however, parallaxes were not
available in Gaia - DR2 and Hipparcos parallaxes (van Leeuwen 2007) were used instead (distances
for those stars with parallaxes only in Hipparcos were determined by simply the inverse of the
parallax).
For those targets with results available in APOGEE DR14, we can compare our derived log g’s
obtained using the PARAM 1.3 code, with those obtained by the APOGEE team using APOGEE
spectra and the APOGEE stellar parameters abundance pipeline (ASPCAP; Garc´ıa Pe´rez et al.
2016). It should be noted, however, that the ASPCAP surface gravities for red giants have systematic
offsets. These are, however, well-calibrated using log values from seismic studies; the APOGEE team
also releases calibrated values of log g (see the discussion in Holtzman et al. 2018). The mean
difference between the log g values adopted in this study (from PARAM 1.3) with the calibrated log
g values from APOGEE DR14 is < δ log g> = -0.01 ± 0.11.
4. ABUNDANCE ANALYSIS
The stellar atmospheric models used in all of the abundance calculations presented in this study are
spherical models from the MARCS grid (Gustafsson et al. 2008). Given the stellar parameters for the
stars we interpolated models using the online grid of OSMARCS models (http://marcs.astro.uu.se/)
for M = 1 M⊙, ξ = 2.0 km·s
−1, and standard chemical composition (standard composition in this case
corresponds to solar composition models for solar metallicity stars and α-enhanced models for low
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metallicity stars). The microturbulent velocities for the target stars were estimated from a relation
derived in Guerc¸o et al. (2019), that was obtained using the ξ and log g results from the study by
Alves-Brito et al. (2010). (Guerc¸o et al. 2019 also tested the microturbulent relation proposed in
Pilachowski et al. 1996 and found that the microtubulent velocity results agreed well.)
4.1. Analysis of Infrared Spectra
Synthetic spectra were calculated in Local Thermal Equilibrium (LTE) with the code Turbospec-
trum (TS; Alvarez & Plez 1998; Plez 2012), noting that TS is compatible with the adopted spherical
model atmospheres given its spherical radiative transfer treatment. Best fits between synthetic and
observed spectra were obtained and the synthetic spectra were manipulated using the plotting and
broadening routines from the MOOG code (Sneden 1973). The model spectra were broadened by
convolution with a Gaussian profile, which represents the combination of the instrumental profile,
macroturbulent velocity, and projected rotational velocity (v·sini; it is expected that the v·sini values
for red giants should be small).
4.1.1. Fluorine Abundances
Fluorine abundances were derived from a sample of up to five vibrational-rotational HF (1-0)
transitions: R9, R13, R14, R15 and R16, depending on the spectral coverage for each target star.
Table 3 presents the HF lines used in the abundance analyses, along with the excitation potential
(χ; from Jo¨nsson et al. 2014a and Decin 2000), log gf (from Jo¨nsson et al. 2014a), and dissociation
energy (D◦=5.869 eV; from Sauval & Tatum 1984) of the transitions. We note that there remains
some uncertainty in the value of D◦ for HF, as Luo (2007) has reported a value of D◦=573.398±0.011
kJ/mol, or 5.943 eV/molecule. This difference of 0.074 eV would lead to a slightly lower absolute
F abundance of ∼0.04 dex for a typical red giant from this sample. To our knowledge no non-LTE
calculations have been made for the HF transitions for stellar atmosphere conditions. However,
vibrational-rotational transitions in molecules in the ground electronic state should, in general, be in
LTE (Hinkle & Lambert 1975). Sample synthetic profiles and best fit syntheses for the studied HF
lines are presented in Figure 3.
4.1.2. Iron Abundances
Iron abundances were determined using a sample of 19 Fe I lines in the wavelength range be-
tween ∼ λ19,900 – 23,700A˚, with Fe I lines in the full wavelength range used for the stars
observed with iSHELL. Table 3 presents the Fe I line list selected for the abundance anal-
ysis and the relevant atomic data. The log gf -values of these Fe I transitions were deter-
mined astrophysically, using the solar spectrum as a reference. The solar spectrum analyzed
was the very high-resolution (R = 40,000) center-of-disk intensity spectrum obtained from:
http://www.eso.org/sci/facilities/paranal/decommissioned/isaac/tools/spectroscopic standards.html.
A canonical solar MARCS model atmospheres with Teff = 5770 K; log g = 4.44, and ξ= 1.0 km/s
was adopted in the calculations, and solar gf -values were obtained assuming a solar abundance of
A(Fe) = 7.45 (Asplund et al. 2005).
In addition to the astrophysical gf -values, the van der Waals damping constants, Γ6, were adjusted
using both the TS code (consistent with the abundance analysis in this study), as well as with the
MOOG code. The reason behind using two codes for the calculations of LTE synthetic spectra was
to evaluate possible differences in the solar syntheses, given that the current version of TS does not
8 Guerc¸o et al.
consider Stark broadening in the computation of synthetic spectra. The gf -values derived using
the two codes were similar, with mean differences in the log gf -values of < ∆(log gf)> = -0.02 ±
0.07. Most of the studied Fe I transitions have log gf values larger than -1.5 dex. As shown in
Figure 4, our solar log gf values are in good agreement with another set of solar gf -values obtained
independently by Throsbro (2016) using the LTE synthesis code Spectroscopy Made Easy (SME;
Valenti & Piskunov 1996): the mean difference “This Work - Throsbro” < δ(log gf)> = -0.05±0.06;
rms = 0.08. The agreement with the values found in the Kurucz (1994) line list is also good, in
particular for the stronger lines, while some of the weaker lines show larger discrepancies.
The individual Fe I line abundances obtained in this study are presented in Table 4. Given the
non-homogeneous set of observed spectra in this study, the number of Fe I lines analyzed to obtain
the stellar metallicities was varied and depended on the spectral coverage available in each case. For
a few stars only one Fe I line 23308 A˚ could be measured and we verified that the Fe abundances
from this Fe I line in particular were not systematically offset when compared to the abundances
from the other Fe I lines.
4.2. Analysis of Optical Spectra
4.2.1. Iron Abundances
For the four stars in this sample with infrared spectra not having spectral coverage that includes
any Fe I lines, their iron abundances were derived from measured equivalent widths of optical Fe I
lines using the same LTE code TS. Fe I lines in the spectral region covered by the SES spectra were
selected from the master line list presented in the recent study by Ghezzi et al. (2018); the gf -values
in that study are solar gf -values obtained for an assumed solar reference abundance A(Fe)Sun= 7.50
(Asplund et al. 2009). The selected line list containing 53 Fe I lines and the atomic data adopted
are presented in Table 6.
The equivalent widths for the Fe I lines were measured with the IRAF splot package (Tody 1993)
and assuming Gaussian profiles. Equivalent widths for a subset of the sample Fe I lines had been
previously measured by V. Smith. A comparison of the equivalent width measured by these two
co-authors is shown in Figure 5; the agreement is good without obvious offsets. The average of the
differences between the equivalent width measurements in this study minus those measured by V.
Smith is 0.6±3 mA˚ with rms = 3.4 mA˚.
The adopted methodology for analyzing the optical spectra derives, simultaneously, the effective
temperature, the mean iron abundance, and the microturbulent velocity for each star. The effective
temperature is defined when reaching an absence of trend (zero slope) in the diagram of the excitation
potential (χ) of the Fe I lines versus their individual iron abundances, while the microturbulent
velocity parameter is defined from the requirement of finding zero slope in the equivalent width
versus iron abundance diagram. The log g values were derived with the code PARAM 1.3. Each
calculation was started with an estimated log g value for the star and iterated until the results for
the effective temperature, metallicity, microturbulent velocity, and log g (obtained with the code
PARAM 1.3; Section 3.2) were all consistent. Figure 6 shows an example of the solution obtained
for the star HD 20305: the top panel of the figure displays the effective temperature diagram and
the bottom panel the microturbulent velocity diagram.
4.3. Abundance Uncertainties
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Uncertainties in the derived abundances can be estimated from the sensitivities of the Fe I and
HF measured abundances to changes in the stellar parameters corresponding to typical errors in Teff
(±100 K), log g (±0.25 dex), metallicity (±0.1 dex), and microturbulent velocity (±0.3 km·s−1).
Table 7 has the estimated uncertainties, ∆A (the square root of the sum in quadrature of the
corresponding abundance changes δTeff , δlog g, δ[Fe/H] and δξ), for baseline model atmospheres
representative of the studied sample: one more metal-rich (Teff = 3917 K, log g = 1.30, [Fe/H]=
-0.08 dex, ξ = 1.75 km·s−1) and another more metal-poor (Teff = 3725 K, log g = 0.30, [Fe/H]=
-1.10 dex, ξ = 1.70 km·s−1). We also present the sensitivity of the optical Fe I lines for a baseline
model with Teff = 4075 K, log g = 1.45, [Fe/H]= -0.40 dex, ξ = 1.67 km·s
−1. As discussed in
Guerc¸o et al. (2019), errors in the effective temperatures account for most of the uncertainties in the
fluorine abundances. In addition, we estimate an uncertainty of 0.05 dex (or in many cases less) for
the abundance uncertainty due to uncertainties in placement of the continuum. While the fluorine
abundances are most sensitive to Teff , the derived iron abundances show more sensitivity to log g
and ξ. The standard deviations of the mean derived fluorine and iron abundances (corresponding to
line-to-line abundance scatter) are presented in Table 2; these are typically less than 0.1 dex.
5. RESULTS
The mean F and Fe abundances and standard deviations of the individual line results are presented
in Table 2). The F and Fe abundances as functions of the derived effective temperatures and log gs
are shown in Figure 7; the filled green circles represent the results from this study and for comparison
we also show, as grey filled triangles, the fluorine abundances and metallicities from Jo¨nsson et al.
(2017). This comparison demonstrates that the range in stellar parameters for the stars in this study
extends to much cooler effective temperatures and more luminous red giants than the sample from
Jo¨nsson et al. (2017). In addition, this sample covers a larger range in metallicity, encompassing ∼1.2
dex, and an even larger range in fluorine. The abundance results do not show a significant trend in
the iron abundances with Teff ; an overall trend is observed with log g, which is expected, given that
cool red giants with lower metallicities will have lower gravities and higher effective temperatures.
The trend of the fluorine abundances with log g has larger scatter, showing two groups, one with
lower F abundances and another with higher F abundances.
A comparison of the metallicities obtained for stars in common with other studies in the literature is
presented in Figure 8; the metallicities from the other works are from both low- and high- resolution
optical and infrared spectra. The agreement between the metallicities is good, showing reasonable
scatter and just a marginal systematic difference in the results is obtained: < δ([Fe/H])“This study
- Others”> = 0.05 ±0.11, rms = 0.12.
Furthermore, it is important to verify whether there are large and obvious systematic differences
between the different metallicity scales derived here: one from Fe I lines at ∼ λ2.3µm (for most
of the target stars), another from optical Fe I lines at ∼ λ6000A˚, and a third taken directly from
the APOGEE DR14 data release, which is based on overall model fits of APOGEE spectra. The
“standard” Arcturus provides a good reference star to test the different metallicity scales, which we
note is the reference red giant star for the APOGEE survey.
Arcturus is one of the stars included in the comparison presented in Figure 8: the metallicity
obtained for Arcturus <[Fe/H]>= -0.53±0.06 (Table 2) was derived from spectral synthesis of Fe
I lines at λ2.3µm using the FTS Arcturus atlas (Hinkle, Wallace & Livingston 1995). The derived
metallicity compares well with the one by Jo¨nsson et al. (2014b; obtained for Teff = 4226 K and log
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g = 1.67) of <[Fe/H]>=-0.62; the latter was derived from an equivalent width analysis of optical Fe
I lines measured from NARVAL archival spectra (Aurie`re 2003). The difference for the metallicity of
Arcturus derived in the two studies of 0.09 dex is small and does not represent significant systematic
offsets given all the uncertainties in the abundance determinations. A comparison of our result with
the metallicity for Arcturus from Smith et al. (2013), obtained using the APOGEE line list at 1.5
micron and analyzing the same FTS spectra (Hinkle, Wallace & Livingston 1995) also indicates good
agreement: [Fe/H] (This study - APOGEE) = -0.06 dex; we note that both determinations adopt
the same stellar parameters for Arcturus (Teff = 4275 K; log g = 1.70; /xi= 1.85 km/s). Arcturus
is the standard red giant in the APOGEE survey and this star, along with the Sun, is used to
derive astrophysical gf -values for the transitions in the APOGEE region. The metallicity adopted
in the computation of the astrophysical gf -values is also in agreement with the derived metallicity
for Arcturus.
To further assess possible systematic differences between the optical and infrared metallicity scales
we also analyzed an optical spectrum of the “standard” star Arcturus. We performed two calculations:
1) adopting the same model atmospheres used in the analysis of the infrared lines with parameters
taken from Smith et al. (2013) and deriving Fe abundances and, 2) iterating to a fully consistent
solution for the effective temperature, surface gravity (from PARAM 1.3) and microturbulent velocity
based on the equivalent width measurements of Fe I lines, similar to the methodology used for the
other stars with optical spectra. The metallicity for Arcturus obtained in case (1) was [Fe/H]= -0.59
± 0.11 and the results obtained from the fully iterated run were: [Fe/H] = -0.50 +/- 0.09; Teff =
4280 K; log g = 1.64; ξ = 1.60 km/s (case 2). When compared to the metallicity obtained from
the infrared lines of [Fe/H] = -0.53 ± 0.06), the metallicity obtained for the iterated solution is very
similar (a difference of 0.03 dex). For all purposes, although not homogeneous, we can consider that
the metallicity scales in this study do not show systematic differences that are significant.
A comparison of the effective temperatures for stars in common with other studies in the literature
is shown in the bottom panel of Figure 8. The agreement is good, with a mean difference and
standard deviation of δTeff(“This study - Others”) = -25±74K (not including the most discrepant
result). There is not a significant offset or trend in comparison to other literature temperature scales.
6. DISCUSSION
6.1. Chemical Evolution and the Sources of Fluorine
While Section 2 pointed out that HF is best studied in the cooler red giants (Teff ≤ 4000K), due
to the rapidly decreasing HF line strength with increasing temperatures, the task of finding suitably
cool red giants at low metallicity is a challenge, due to the shift in the RGB towards higher Teff ,
at a given luminosity, with decreasing metallicity. Nonetheless, the abundance results presented
in Table 5 show that HF has been detected, with F abundances derived, in red giants spanning a
range of Fe abundances from roughly solar down to values of [Fe/H]∼-1.2. Over this interval in the
Fe abundance, the F abundances vary by about of a factor of 25; these are the first F abundance
measurements that span such a large range of metallicity and provide the most detailed view to date
of on how F abundances change with changing Fe abundances.
6.1.1. The Observed Behavior of Fluorine
Figure 9 plots F versus Fe abundances for the red giants studied here; included is one low-metallicity
red giant from Li et al.(2013) where HF was detected and analyzed. (Li et al. detected HF in a
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second low-metallicity red giant, it is a CH star and thus has likely had its primoridal F abundance
increased by He-burning and neutron captures (e.g., Jorissen et al. 1992) and in a third star exhibiting
abundance patterns of dwarf spheroidals). The cloud of points surrounding the solar abundances are
the bright, nearby late-K and M giants that were observed with the KPNO 4m-FTS and these
abundances cluster around the solar value or slightly below, with the size of the cloud roughly
corresponding to the uncertainties in our derived abundances. As A(Fe) decreases below about 7.2,
the fluorine abundance is found to rapidly decrease by about ∼0.5 dex over a very narrow range in
Fe (less than ∼0.1 dex). At lower Fe abundances, the majority of red giants have F abundances that
decrease linearly in the logarithmic A(F)-A(Fe) plane, with a slope of very nearly 1.0. This type of
chemical evolution demonstrates that F behaves as a primary product of nucleosynthesis relative to
Fe; the long-dashed line in Figure 9 has a slope of 1.0 and is set to pass approximately through the
low-metallicity points to demonstrate primary chemical evolution of F with Fe (we note that this is
not a fit to the points). The dotted line that originates at the solar abundance with decreasing F and
Fe abundances has a slope of 2.0 and is plotted to demonstrate how secondary chemical evolution
with Fe would behave. Although at the higher metallicities the chemical evolution of F may be
complex, its behavior at Fe abundances below about -0.5 dex solar displays a clear primary behavior
with Fe.
One further item to note in Figure 9 is the position of two metal-poor red giants that fall well
above the A(F)-A(Fe) line that defines most of the metal-poor stars; these two red giants have been
identified, based upon their Galactic positions, space motion, and peculiar chemistry, to be probable
members of the Monoceros overdensity, which is a feature in the outer Galaxy and is probably an
over-density structure in the outer disk, or, as initially proposed by Newberg et al. (2002), related to
an accreted dwarf galaxy. The stellar members of this structure display peculiar chemical abundance
distributions (Chou et al. 2010) and, thus, may not display the same F-Fe abundance patterns of
more nearby Galactic populations. Alternatively, this abundance pattern could be representative of
the outer thin disk, if Monoceros is a structure of the flared thin disk.
Figure 10 is similar to Figure 9, but uses two panels to compare the derived values of [F/Fe] versus
[Fe/H] (including results from Jo¨nsson et al. (2014b; 2017), Pilachowski & Pace (2015) and Li et al.
(2013)) to predictions from a variety of models. The top panel shows only the derived stellar values
of [F/Fe], while the bottom panel overlays the various chemical evolution models over the observed
abundances. In the near-solar metallicity regime, all of the various abundance results roughly overlap,
although exhibit scatter that can be at least partially explained by the internal errors and possible
systematic in the different studies, or, it is also possible that part of the scatter may be real. At
values of [Fe/H]< -0.4, [F/Fe] displays a roughly constant value, within the uncertainties, which is
the signature of F behaving as a primary product relative to Fe (as noted in Figure 9). The flat
dashed-line in the top panel of Figure 10 is the average value of [F/Fe] for the red giants from this
study having Fe abundances of less than [Fe/H]∼ -0.3 and values of [F/Fe]<-0.2: this mean value
is [F/Fe]=-0.36±0.10. The dashed line connecting the solar value to the plateau line has a slope of
1.0, illustrating secondary F production with respect to Fe. Note that the results from Jo¨nsson et
al. (2017) for the slightly metal-poor stars in their sample scatter about this secondary line. The
observationally-derived behavior of [F/Fe] as a function of [Fe/H] suggests a primary production of
F at low metallicities with a near-constant subsolar value of [F/Fe]∼-0.36, with a secondary source
possibly driving a significant increase in the F abundance over a small interval in the Fe abundance.
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6.1.2. Comparisons with Chemical Evolution Models
The abundances of F and Fe illustrated in Figure 10 can be used to evaluate contributions from
possible sources for the nucleosynthesis of 19F based on chemical evolution model predictions by
Timmes et al. (1995), Alibe´s et al. (2001), Renda et al. (2004), Kobayashi et al. (2011a; 2011b),
Spitoni et al. (2018), and Prantzos et al. (2018); shown in the bottom panel of Figure 10. Likely
sources to consider are both neutrino nucleosynthesis (or the “ν-process”; Woosley et al. 1990;
Timmes et al. 1995; Alibe´s et al. 2001; Kobayashi et al. 2011a; 2011b) and AGB stars (Jorissen et
al. 1992; Forestini et al. 1992; Abia et al. 2009; Cristallo et al. 2014; Spitoni et al.2018). Massive
stars have also been proposed as a significant source of fluorine (e.g., Kobayahsi et al. 2011a),
including mass loss in Wolf-Rayet stars (Meynet & Arnould 2000; Spitoni et al. 2018), as well as
rapidly rotating metal-poor massive stars (Prantzos et al. 2018). Several chemical evolution models
are shown in the bottom panel of Figure 10 as comparisons to the observations/derived abundances.
Focusing first on the predictions of [F/Fe] versus [Fe/H] from the four models including neutrino
nucleosynthesis from Timmes et al. (1995), Alibe´s et al. (2001), Renda et al. (2004) and Kobayashi
et al. (2011b), it is noted that they display significant differences and highlight uncertainties in such
input data as reaction rates, the neutrino spectrum, or details of the SN II explosion (e.g., Heger
et al. 2005; Sieverding et al. 2018; 2019), or modelling the chemical evolution of the Milky Way.
The ν-process models result in rather flat distributions of [F/Fe] versus [Fe/H], which describe the
observed near-primary trend in the observed points at low metallicity. However, it is clear that no
single model fits the observed abundances, although the early model from Timmes et al. (1995)
fits the low-metallicity “plateau” fairly well, as well as the raise to near-solar [F/Fe] values at solar
metallicity.
The bottom panel of Figure 10 also illustrates models with other sources of 19F that predict a
near-primary behavior with Fe that results from pre-SN mass loss in low-metallicity rapidly-rotating
massive stars during He-burning, as modelled recently by Prantzos et al. (2018); this is shown by
the orange curve. The rotating massive stars modelled by Prantzos et al. (2018) synthesize 19F by
initial α-captures onto 14N: 14N(α,γ)18F(β+,ν)18O(p,α)15N(α,γ)19F (e.g., Goriely et al. 1990; Jorissen
et al. 1992). This series of reactions requires a proton capture in a nominally He-burning region,
with the protons released via 14N(n,p)14C and the initiating neutrons from 13C(α,n)16O, thus the
similarity to F-production in the He-burning thermal pulses of AGB stars. This set of reactions in
the low-metallicity rapidly-rotating massive stars leads to a near-primary behavior of F with respect
to Fe as the 14N arises from 12C produced by He-burning in the massive star itself, whereas in AGB
stars, the N is synthesized only by proton captures onto the initial abundance of 12C (the classic
CN-cycle), thus the secondary-like behavior of F from an AGB source. The model from Prantzos
et al. (2018) produces values of [F/Fe] that are nearly constant over the metallicity range spanned
in the figure (similar to the behavior of the ν-process models). This model results in a near-solar
(or thin disk) value of [F/Fe] at [Fe/H]∼0.0, but over-produces fluorine below [Fe/H] ∼ -0.5 when
compared to the thick disk/halo stars. Prantzos et al. (2018) point out that the efficiency of rotation-
driven mixing cannot be determined without external calibration. The observed behavior of [F/Fe]
at low metallicity may help to improve model predictions from this process, although a downward
adjustment to the yields at low metallicity might then lead to under-production of fluorine at solar
metallicity. In addition, model F7 from Spitoni et al. (2018) also produces a near-primary behavior
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of F with Fe over the range of [Fe/H]<-1.5 up to [Fe/H]∼-1.0. The primary behavior of F here is
driven by mass loss in rotating Wolf-Rayet stars.
Figure 10 (bottom panel) also includes curves of [F/Fe] versus [Fe/H] for two chemical evolution
models from Kobayashi et al. (2011a) that include fluorine contributions from massive star supernovae
(blue curve), as well as a model that adds AGB stars to the massive SN yields (the magenta curve).
We note that the model with 19F synthesis from the massive stars results from their He-burning
phase of stellar evolution and that this model also fits the plateau in [F/Fe] at low metallicity (blue
curve). We note also that, although the rapid increase in [F/Fe] from AGB stars in the Kobayashi
et al. (2011a) model at [Fe/H]∼-1.50 occurs at a lower metallicity than is observed, this particular
model indicates that AGB stars can drive the rise in 19F abundances to solar-like values of [F/Fe] due
to the various reaction chains that lead to the production of 19F beginning with alpha captures onto
14N. As a comparison of models, the green curve in Figure 10 illustrates the behavior of the AGB
source from Prantzos et al. (2018), which results in lower AGB yields when compared to Kobayashi
et al. (2011a), due to, primarily, differences in reaction rates.
There remain differences and uncertainties in the models, but a comparison of derived fluorine
abundances with models of chemical evolution suggests that the tightest constraints on potential
sources of F will be provided by observations of a larger number of metal-poor stars, as well as
probing fluorine abundances across a larger range of galactic environments and populations.
6.2. The Fluorine Abundance Gradient
Metallicity gradients are a common feature in galaxies and our own Galaxy is no exception; it
is well known that metallicities in galaxy disks decrease with increasing distance from the galactic
center. In the Milky Way, radial metallicity gradients are observed in several stellar populations,
such as H II regions (e.g., Esteban & Garc´ıa-Rojas 2018), B stars (e.g., Braganc¸a et al. 2019; Daflon
& Cunha 2004), Cepheids (e.g., Genovali et al. 2014; Lemasle et al. 2008), open clusters (e.g., Yong
et al. 2012; Magrini et al. 2017; Donor et al. 2018; Carrera et al. 2019), and planetary nebulae
(e.g., Stanghellini & Haywood 2018). In addition, results from recent spectroscopic surveys confirm
the existence of chemical abundance gradients for field low-mass stars, indicating that gradients also
vary with distance from the galactic plane (e.g., Cheng et al. 2012; Hayden et al. 2015) and age of
the population (e.g., Bergemann et al. 2014; Anders et al. 2017), while radial mixing, via heating
and/or migration, affects the radial abundance gradients (Scho¨nrich & Binney 2009; Minchev et al.
2013; Kubryk et al. 2015). There is a vast literature on radial gradients for several elements in the
Milky Way but the fluorine abundance gradient has not been yet probed.
In this study we have the opportunity to investigate the variation of the fluorine abundance (along
with iron) as a function of galactocentric distance. Our sample contains stars between roughly Rg ∼
8.7 – 13 kpc, with one star in the inner Galactic region at Rg ∼6 kpc. A significant fraction of our
targets are in the solar neighborhood, having galactocentric distances close to the solar value (Rg⊙
= 8.33 ± 0.35 kpc, Gillessen et al. 2009). Given the goal of probing fluorine at low metallicities,
roughly half of the targets were selected to be both cool and metal-poor, possibly being from the thick
disk or halo, from known over-densities, or stellar sub-structures. In fact, two of the targeted stars
(2MASS01051470+4958078 and 2MASS22341156+4425220) lie at |Z| ∼ 1.2 kpc from the Galactic
plane and appear be members of the halo, with rotational velocities Vφ ∼ 0 km s
−1 (calculated
using Gaia DR2 combined with APOGEE DR14 radial velocities), but are relatively metal-rich for
the halo with [Fe/H] ∼ −1, suggesting that they may be members of the Gaia-Enceladus or Gaia-
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Sausage accretion event (Belokurov et al. 2018; Helmi et al. 2018). Examining the APOGEE DR14
(Holtzman et al. 2018) chemical abundances for these stars, they have low [X/Fe] for (C+N), Mg,
Al, and Ni, consistent with the chemical abundance profile of this accreted population in the Milky
Way halo (Hayes et al. 2018).
Two other stars in our sample (2MASS02431985+5227501 and 2MASS04224371+1729196) are no-
table due to their high [F/Fe] for their relatively low metallicities of [Fe/H] ∼ -0.8 (see Figures 9 and
10). These two stars lie below the Milky Way plane by 1-2 kpc at Galactocentric radii RGC & 11
kpc, but are rotating in the same direction as the disk, with rotational velocities around Vφ ∼ 230
km s−1. This suggests that these stars are perhaps members of the Monoceros overdensity, which
has been reported as a metal-poor overdensity moving with velocities similar to the disk, but lying
below the nominal disk mid-plane by 1-3 kpc at these Galactocentric radii (Rocha-Pinto et al. 2003;
Crane et al. 2003; Ibata et al. 2003; Morganson et al. 2016). Additionally, these stars have nearly
solar α-element abundances consistent with the chemistry of the Monoceros Ring (Chou et al. 2010).
The [F/Fe] ratio versus Rg for the studied sample, is shown in Figure 11. Most of the targets have
Gaia DR2 distances with estimated errors of the order of 0.3 – 0.4 kpc (Bailer-Jones et al. 2018;
Table 1). Here again we segregate the targets based on a purely geometric definition of the thin/thick
disk: stars having |Z| >300 pc taken as probable thick disk/halo population (filled blue circles) and
|Z| < 300 pc as probable thin disk stars (filled red circles). Although having |Z| < 300 pc, Arcturus
was not included in the thin disk sample given that it is known to be a thick disk star (Ramirez
et al. 2007). It is clear that the sample of thin disk stars in our study does not cover a range
in galactocentric distances large enough to define a gradient. For the solar neighborhood stars the
[F/Fe] abundances cluster around the solar [F/Fe] value with a mean <[F/Fe]>= 0.01 ± 0.15. Only
one probable thin disk star (2MASS07313775-2818395) is located ∼2 kpc beyond the solar vicinity
and has an elevated [F/Fe] ratio when compared to the solar average for the solar neighborhood.
Focusing on the sample of probable thick disk / halo stars, the gradient of [F/Fe] for this population
has a shallow slope of 0.02±0.03 dex / kpc, and given its error, this is consistent with a flat behavior
for [F/Fe] with galactocentric distance between ∼ 6 - 13 kpc. The [F/Fe] ratio for these stars, all
having |Z| > 300 pc above the Galactic plane, is subsolar, indicating a quasi-plateau corresponding
to ∼-0.3 dex. As discussed in the previous section, such a floor in [F/Fe] likely corresponds to the
production of fluorine in SN II via neutrino nucleosynthesis (Figure 10), while the thin disk stars
between ∼ 8 – 10 kpc would potentially follow a sequence with a steeper positive slope with Rg,
having [F/Fe] from roughly solar to ∼+0.3 dex, although this is based on the abundances obtained
for one single more distant thin disk star in our sample and a pure speculation at this point.
A relatively flat abundance gradient for the thick disk is in general agreement with other results
from the literature (e.g., Boeche et al. 2013, Cheng et al. 2012; Mikolaitis et al. 2014; Hayden
et al. 2015; Weinberg et al. 2019). We note, however, the very discrepant positions in the plane
[F/Fe] - Rg of those targets tagged as being possible members of the Monoceros over-density. These
two stars have significantly higher fluorine abundances for their metallicities, among the highest
[F/Fe] in our sample, with a mean [F/Fe] = +0.38 dex (see also their location in Figures 9 and
10). Compared with the other stars in the outer disk sample, their F/Fe abundances are roughly
1 dex higher than those for stars at similar Rg. Such discrepancy is well beyond the expected
uncertainties in the abundance determinations that have been done homogeneously. Given the clear
inconsistent abundances obtained for these two Monoceros targets, these stars were not included in
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the derivation of the radial gradients discussed above. The very distinct fluorine abundance behavior
for the two possible Monoceros targets when compared with the radial gradient obtained for other
target stars away from the mid-plane (|Z| > 300 pc) adds to the on-going debate about the origin
of the Monoceros over-density. Given their high fluorine content, and the fact that in the outer
galaxy the chemical thin disk flares (Minchev et al. 2015, 2017; Bovy 2016; Mackereth et al. 2017)
it would be tempting to speculate (just based on their abundances) that the abundance pattern in
these stars could represent an extension of the fluorine gradient in the thin disk. However, given the
small number of stars analyzed and the lack of outer thin disk stars in our sample, this speculation
should be viewed with extreme caution. It is clear, however, that the fluorine abundances for these
two Monoceros stars do not match those of the thick disk/halo stars.
7. CONCLUSIONS
Fluorine and iron abundances are presented for a sample of Galactic red giant stars and are used
to map the behavior of [F/Fe] as a function of metallicity, spanning the largest range in metallicity
to date ([Fe/H] ∼ -1.3 to +0.0) and providing insights into the nucleosynthesis of 19F.
Two regimes in the behavior of [F/Fe] are found: 1) at low metallicities (-1.3<[Fe/H]<-0.4), fluorine
abundances behave as a primary element with respect to iron; 2) at high metallicities ([Fe/H]>-0.4
to ∼0.0), the F abundances are near-secondary with Fe. No single chemical evolution model satisfac-
torily describes the observed behavior of the derived fluorine abundances as a function of metallicity.
A primary-like behavior of the fluorine abundance with the Fe abundance, over the range of [Fe/H]∼
-1.5 to -0.4, is predicted by models including only fluorine production in neutrino nucleosynthesis
(Timmes et al. 1995; Alibe´s et al. 2001; Renda et al. 2004), as well as rapidly-rotating low-metallicity
massive stars (Prantzos et al. 2018), although the quantitative values of the [F/Fe] plateau from dif-
ferent models remains disparate and uncertain. The early neutrino nucleosynthesis model by Timmes
et al. (1995) roughly describes the observed [F/Fe] plateau at low metallicities and the rise to [F/Fe]
to near solar at roughly solar metallicities. Models including AGBs as fluorine sources (Prantzos et
al. 2018 and Kobayashi et al. 2011a) show large discrepancies due to uncertainties in the reaction
rates and yields.
This is the first study to measure fluorine abundance gradients in the Milky Way. The [F/Fe]
gradient for thick disk/halo stars (defined as those having |Z| > 300 pc) is shallow with a slope of
0.02 ± 0.03 dex / kpc between Rg ∼ 6 - 13 kpc. For this population the [F/Fe] ratio is subsolar,
while for thin disk stars in the solar neighborhood (Rg ∼ 8 kpc) the [F/Fe] ratio is roughly solar.
Our sample contains only one thin disk star (|Z| < 300 pc) beyond the solar neighborhood (Rg ∼ 10
kpc) and it has a higher value of [F/Fe] ∼ +0.3 dex.
Further progress in understanding the chemical evolution of fluorine would be helped by additional
measurements of fluorine abundances at low metallicities, as well as measuring its abundance in the
outer disk regions of the Milky Way.
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Table 1. Sample Stars & Observations
Spectrograph Spectrograph pi d Rg Z
Star (infrared) (Optical) (mas) (pc) E(B-V) AV V J K (kpc) (kpc)
Arcturus FTS/KPNO 4-m ... 88.8±0.54 (c) 11.26±0.070 (d) ... ... -0.05 (e) ... -3.00 (e) 8.326±0.350 0.01
10 Dra FTS/KPNO 4-m ... 8.21±0.26 (a) 121.6±4.100 (b) ... ... 4.66 (e) ... -0.17 (e) 8.360±0.350 0.09
41 Com FTS/KPNO 4-m ... 8.60±0.37 (a) 116.3±5.400 (b) ... ... 4.82 (e) ... 1.20 (e) 8.325±0.350 0.12
β And FTS/KPNO 4-m ... 16.5±0.56 (c) 60.53±1.990 (d) ... ... 2.05 (e) ... -1.87 (e) 8.363±0.350 -0.03
β Peg FTS/KPNO 4-m ... 16.6±0.15 (c) 60.10±0.540 (d) ... ... 2.42 (e) ... -2.22 (e) 8.335±0.350 -0.03
β UMi FTS/KPNO 4-m ... 24.9±0.12 (c) 40.14±0.190 (d) ... ... 2.08 (e) ... -1.39 (e) 8.342±0.350 0.03
γ Dra FTS/KPNO 4-m ... 21.1±0.10 (c) 47.30±0.220 (d) ... ... 2.22 (e) ... -1.35 (e) 8.322±0.350 0.02
µ Leo FTS/KPNO 4-m ... 30.7±0.42 (a) 32.60±0.470 (b) ... ... 3.88 (e) ... 1.22 (e) 8.349±0.350 0.03
ω Vir FTS/KPNO 4-m ... 7.32±0.42 (a) 136.8±8.500 (b) ... ... 5.36 (e) ... -0.30 (e) 8.343±0.350 0.12
BD+06o2063 FTS/KPNO 4-m ... 1.25±0.06 (a) 780.2±36.60 (b) ... ... ... ... ... 8.841±0.350 0.39
BD+16o3426 FTS/KPNO 4-m ... 1.91±0.05 (a) 515.0±14.60 (b) ... 0.39 (f) 8.03 (g) ... 2.19 (h) 7.978±0.350 0.14
HD 96360 FTS/KPNO 4-m ... 2.37±0.04 (a) 416.6±7.000 (b) ... ... ... ... ... 8.542±0.350 0.30
HD 189581 FTS/KPNO 4-m ... 1.49±0.07 (a) 662.1±0.300 (b) ... 0.46 (f) 8.45 (g) ... 2.71 (h) 7.868±0.350 -0.17
TYC 5880-423-1 Phoenix/Gemini-S ... 0.38±0.04 (a) 2375.±234.9 (b) 0.03 (i) 0.09 (j) 10.97 (k) ... 7.46 (m) 9.569±0.371 -1.86
UCAC2 22625431 Phoenix/Gemini-S ... 0.13±0.04 (a) 5232.±1038. (b) 0.06 (i) 0.18 (j) 12.28 (l) ... 8.10 (m) 12.16±0.912 -1.26
2M06232713−3342412 Phoenix/Gemini-S ... 0.33±0.02 (a) 2730.±166.1 (b) 0.04 (i) 0.12 (j) ... 8.84 (m) 7.76 (m) 9.819±0.356 -0.94
2M07313775−2818395 Phoenix/Gemini-S ... 0.32±0.05 (a) 2885.±459.8 (b) 0.20 (i) 0.61 (j) ... 8.37 (m) 7.09 (m) 9.989±0.458 -0.23
HD 19697 Phoenix/KPNO 2.1-m SES/MCD 2.1-m 1.50±0.06 (a) 653.5±24.70 (b) ... ... ... ... ... 8.842±0.351 -0.39
HD 20305 Phoenix/KPNO 2.1-m SES/MCD 2.1-m 1.81±0.08 (a) 544.2±23.70 (b) ... ... ... ... ... 8.761±0.350 -0.32
HD 28085 Phoenix/KPNO 2.1-m SES/MCD 2.1-m 2.57±0.04 (a) 384.9±6.160 (b) ... ... ... ... ... 8.688±0.350 -0.14
HD 90862 Phoenix/KPNO 2.1-m SES/MCD 2.1-m 1.02±0.05 (a) 950.2±49.70 (b) ... ... ... ... ... 8.730±0.350 -0.79
2M01051470+4958078 iShell/IRTF + APOGEE ... 0.10±0.03 (a) 5640.±1052. (b) ... ... ... ... ... 12.35±0.916 -1.25
2M02431985+5227501 iShell/IRTF + APOGEE ... 0.11±0.04 (a) 5768.±1231. (b) ... ... ... ... ... 13.23±1.166 -0.68
2M04224371+1729196 iShell/IRTF + APOGEE ... 0.20±0.10 (a) 2865.±773.3 (b) ... ... ... ... ... 10.98±0.797 -1.08
2M20410375+0001223 iShell/IRTF + APOGEE ... 0.16±0.04 (a) 4696.±1003. (b) ... ... ... ... ... 6.196±0.373 -1.92
2M22341156+4425220 iShell/IRTF + APOGEE ... 0.10±0.02 (a) 6448.±963.1 (b) ... ... ... ... ... 11.18±0.700 -1.33
Notes: (a) Gaia DR2; (b) Bailer-Jones et al. (2018); (c) Hipparcos parallaxes; (d) Distances determined from inverted Hipparcos parallaxes; (e) Ducati (2002); (f) Chen et al. (1998a);
(g) Hog (2000); (h) Chen et al. (1998b); (i) Green et al. (2018); (j) AV using RV = 3.07 from McCall (2004); (k) Munari et al. (2014); (l) Zacharias et al. (2012); (m) K obtained with
Carpenter (2001) transformation from (KS)2MASS.
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Table 2. Stellar Parameters and abundances
Teff logg ξ
Star (K) [cgs] (km·s−1) A(Fe) A(F) [F/Fe]
Arcturus* 4275 1.70 1.85 6.92 ± 0.06 3.63 ± 0.12 -0.27
10 Dra 3559 0.69 1.90 7.39 ± 0.05 4.10 ± 0.07 -0.24
41 Com 3917 1.30 1.75 7.37 ± 0.06 4.22 ± 0.07 -0.10
β And 3801 1.00 1.80 7.38 ± 0.04 4.40 ± 0.00 0.07
β Peg 3599 0.75 1.90 7.19 ± 0.08 4.04 ± 0.05 -0.10
β UMi 3984 1.32 1.70 7.41 ± 0.05 4.20 ± 0.05 -0.16
γ Dra 3939 1.21 1.75 7.38 ± 0.05 4.45 0.12
µ Leo 4486 2.48 1.45 7.75 ± 0.13 ... ...
ω Vir 3418 0.49 1.95 7.45 ± 0.07 4.37 ± 0.10 -0.03
BD+06o2063** 3550 0.70 1.90 7.34 ± 0.09 4.32 ± 0.01 0.03
BD+16o3426 3489 0.64 1.90 7.44 ± 0.09 4.53 ± 0.08 0.14
HD 96360** 3550 0.72 1.90 7.32 ± 0.08 4.45 ± 0.02 0.18
HD 189581 3406 0.51 1.95 7.12 ± 0.10 4.30 ± 0.05 0.23
HD 19697 3850 1.23 1.39 7.19 ± 0.21 3.55 -0.59
HD 20305 4075 1.45 1.67 7.05 ± 0.10 3.58 -0.42
HD 28085 4850 2.33 1.65 7.41 ± 0.11 ... ...
HD 90862 3916 0.95 1.75 6.94 ± 0.16 3.47 -0.42
TYC 5880-423-1 3840 0.84 1.77 6.64 3.35 -0.24
UCAC2 22625431 3631 0.32 1.86 6.82 3.49 -0.28
2M06232713−3342412 3860 0.95 1.74 6.98 3.62 -0.31
2M07313775−2818395 3800 0.82 1.78 7.02 4.30 0.33
2M01051470+4958078 3872 0.50 1.86 6.43±0.03 3.06 -0.32
2M02431985+5227501 3673 0.28 1.88 6.59 3.75 0.21
2M04224371+1729196 3627 0.21 1.88 6.64±0.03 4.14 0.55
2M20410375+0001223 3738 0.39 1.85 6.61±0.05 3.10 -0.46
2M22341156+4425220 4016 0.52 1.79 6.21±0.02 2.87 -0.29
Notes: Solar fluorine and iron abundances taken from Maiorca et al. (2014) and Grevesse et al. (2007),
respectively. * Stellar parameters from Smith et al. (2013); ** Stellar parameters from Jorissen et al.
(1992).
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Table 3. Infrared Fluorine and Iron lines
Species / λair χ Γ6 D◦
Molecule (A˚) Line ID (eV) log gf (eV)
H19F 23358.329 (1–0)R9 0.227 (a,b) -3.962(a) ... 5.869 (c)
22957.938 (1–0)R13 0.455 (a) -3.941(a) ... 5.869 (c)
22886.733 (1–0)R14 0.524 (a) -3.947(a) ... 5.869 (c)
22826.862 (1–0)R15 0.597 (a) -3.956(a) ... 5.869 (c)
22778.249 (1–0)R16 0.674 (a) -3.969(a) ... 5.869 (c)
Fe I 19923.343 ... 5.020 -1.530 -7.16 ...
20349.718 ... 4.186 -2.625 -7.54 ...
20840.808 ... 6.027 0.075 -6.94 ...
20991.042 ... 4.143 -3.150 -7.73 ...
21238.467 ... 4.956 -1.300 -7.00 ...
21284.344 ... 5.669 -3.320 -7.87 ...
21284.348 ... 3.071 -4.470 -7.27 ...
21735.462 ... 6.175 -0.700 -6.87 ...
22257.107 ... 5.064 -0.745 -7.00 ...
22260.180 ... 5.086 -0.941 -7.54 ...
22380.797 ... 5.033 -0.600 -6.99 ...
22385.102 ... 5.320 -1.550 -7.00 ...
22392.879 ... 5.100 -1.270 -7.10 ...
22419.982 ... 6.218 -0.234 -6.85 ...
22419.990 ... 6.283 -4.568 -8.10 ...
22473.268 ... 6.119 0.381 -6.88 ...
23308.477 ... 4.076 -2.645 -7.18 ...
23566.666 ... 6.144 0.197 -7.09 ...
23683.741 ... 5.305 -1.152 -7.50 ...
Notes: (a) Jo¨nsson et al. (2014a). (b) Decin (2010). (c) Sauval & Tatum (1984).
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Table 4. Individual Fe I line abundances from infrared spectra
Star A(Fe) A(Fe) A(Fe) A(Fe) A(Fe) A(Fe) A(Fe) A(Fe) A(Fe) A(Fe) A(Fe) A(Fe) A(Fe) A(Fe) A(Fe) A(Fe) A(Fe)
λ1 λ2 λ3 λ4 λ5 λ6 λ7 λ8 λ9 λ10 λ11 λ12 λ13 λ14 λ15 λ16 λ17
Arcturus 6.97 6.93 6.91 7.00 6.92 6.82 6.92 6.84 6.94 6.86 7.01 6.88 6.95 6.82 7.02 ... ...
10 Dra ... ... ... 7.37 ... ... 7.42 ... ... 7.37 ... ... 7.48 7.34 7.34 ... ...
41 Com ... ... ... 7.42 ... 7.38 7.43 7.28 ... 7.32 ... 7.32 7.43 7.44 7.27 ... ...
β And 7.48 ... 7.38 ... 7.37 ... 7.44 ... 7.37 7.34 7.35 ... ... 7.34 7.39 ... ...
β Peg ... ... ... 7.27 ... ... ... 7.03 ... 7.14 7.23 ... 7.18 7.28 7.17 ... ...
β UMi ... ... ... ... ... ... ... ... ... 7.42 ... 7.37 7.48 7.34 7.45 ... ...
γ Dra 7.40 ... 7.40 7.49 7.36 7.35 ... 7.33 7.35 7.32 ... ... ... 7.34 7.43 ... ...
µ Leo 7.75 ... ... ... ... 7.65 ... 7.58 ... ... ... ... 7.83 ... 7.94 ... ...
ω Vir ... 7.46 ... 7.54 ... ... 7.45 7.35 ... 7.44 ... ... 7.50 7.48 7.34 ... ...
BD+06◦2063 ... ... ... ... ... ... ... ... 7.28 7.32 ... 7.22 ... 7.39 7.49 ... ...
BD+16◦3426 ... ... ... 7.49 ... ... 7.48 7.31 ... ... ... ... 7.56 7.44 7.34 ... ...
HD 96360 ... 7.31 ... ... 7.36 ... ... ... ... 7.27 ... 7.22 7.50 7.29 7.27 ... ...
HD 189581 ... ... ... 7.17 7.06 ... ... 7.13 7.15 ... ... ... ... 7.27 6.94 ... ...
TYC 5880-423-1 ... ... ... ... ... ... ... ... ... ... ... ... ... ... 6.64 ... ...
UCAC2 22625431 ... ... ... ... ... ... ... ... ... ... ... ... ... ... 6.82 ... ...
2M06232713−3342412 ... ... ... ... ... ... ... ... ... ... ... ... ... ... 6.98 ... ...
2M07313775−2818395 ... ... ... ... ... ... ... ... ... ... ... ... ... ... 7.02 ... ...
2M01051470+4958078 ... ... ... ... ... ... ... ... ... ... ... ... ... ... 6.42 6.39 6.47
2M02431985+5227501 ... ... ... ... ... ... ... ... ... ... ... ... ... ... 6.59 ... ...
2M04224371+1729196 ... ... ... ... ... ... ... ... ... ... ... ... ... ... 6.61 6.67 ...
2M20410375+0001223 ... ... ... ... ... ... ... ... ... ... ... ... ... ... 6.56 ... 6.66
2M22341156+4425220 ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 6.23 6.19
Notes: Iron lines: λ1 = 19923 A˚, λ2 = 20349 A˚, λ3 = 20840 A˚, λ4 = 20991 A˚, λ5 = 21238 A˚, λ6 = 21284 A˚, λ7 = 21735 A˚, λ8 = 22257 A˚, λ9 = 22260 A˚, λ10 = 22380 A˚, λ11 = 22385
A˚, λ12 = 22392 A˚, λ13 = 22419 A˚, λ14 = 22473 A˚, λ15 = 23308 A˚, λ16 = 23566 A˚and λ17 = 23683 A˚.
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Table 5. Individual HF line Fluorine abundances
Star A(F)R9 A(F)R13 A(F)R14 A(F)R15 A(F)R16
Arcturus 3.77 3.50 ... ... ...
10 Dra 4.16 4.00 4.18 ... 4.05
41 Com 4.24 4.14 ... 4.32 4.18
β And 4.40 ... 4.40 ... ...
β Peg 4.05 ... 4.10 ... 3.97
β UMi 4.25 4.15 ... ... ...
γ Dra 4.45 ... ... ... ...
ω Vir 4.48 4.25 4.48 4.35 4.27
BD+06◦2063 4.30 4.33 ... ... 4.33
BD+16◦3426 4.55 ... 4.45 4.65 4.45
HD 96360 4.46 4.46 4.42 ... ...
HD 189581 4.35 ... 4.25 ... ...
HD 19697 3.55 ... ... ... ...
HD 20305 3.58 ... ... ... ...
HD 90862 3.47 ... ... ... ...
TYC 5880-423-1 3.35 ... ... ... ...
UCAC2 22625431 3.49 ... ... ... ...
2M J06232713−3342412 3.62 ... ... ... ...
2M J07313775−2818395 4.30 ... ... ... ...
2M J01051470+4958078 3.06 ... ... ... ...
2M J02431985+5227501 3.75 ... ... ... ...
2M J04224371+1729196 4.14 ... ... ... ...
2M J20410375+0001223 3.10 ... ... ... ...
2M J22341156+4425220 2.87 ... ... ... ...
Notes: HD 28085 not included due to absence of HF lines.
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Table 6. Optical Iron lines and Equivalent Widths
λair χ HD 19697 HD 20305 HD 28085 HD 90862
(A˚) (eV) log gf Γ6 EW (mA˚) A(Fe) EW (mA˚) A(Fe) EW (mA˚) A(Fe) EW (mA˚) A(Fe)
6056.005 4.73 -0.556 -7.130 78.2 7.07 92.2 7.11 102. 7.45 85.3 6.92
6078.491 4.80 -0.292 -7.410 77.0 6.88 94.6 7.00 106. 7.37 91.2 6.87
6079.009 4.65 -1.064 -7.177 52.6 6.98 68.7 7.10 73.6 7.37 50.7 6.71
6082.710 2.22 -3.622 -7.654 118. 7.36 117. 7.18 96.6 7.36 127. 7.20
6093.642 4.61 -1.402 -7.202 41.2 7.02 45.8 6.97 58.3 7.40 41.1 6.81
6096.664 3.98 -1.861 -7.152 60.8 6.98 61.4 6.85 70.1 7.32 61.6 6.75
6098.243 4.56 -1.825 -7.238 39.5 7.34 38.3 7.19 38.7 7.44 37.3 7.13
6127.906 4.14 -1.503 -7.790 74.5 7.09 83.9 7.08 91.4 7.49 66.9 6.70
6136.993 2.20 -3.037 -7.691 144. 7.19 150. 7.12 143. 7.65 162. 7.06
6151.618 2.18 -3.357 -7.696 129. 7.19 130. 7.06 111. 7.27 137. 6.95
6157.728 4.08 -1.257 -7.790 109. 7.45 32.7 7.23 120. 7.75 114. 7.23
6159.378 4.61 -1.910 -7.216 ... ... ... ... 34.3 7.50 44.8 7.39
6165.360 4.14 -1.487 -7.780 69.1 6.97 77.1 6.95 80.1 7.28 75.8 6.83
6173.336 2.22 -2.938 -7.690 147. 7.16 152. 7.07 137. 7.48 158. 6.92
6187.990 3.94 -1.724 -7.179 86.6 7.26 83.7 7.03 82.2 7.32 81.1 6.88
6200.312 2.61 -2.457 -7.589 121. 6.78 140. 6.99 134. 7.45 142. 6.82
6213.429 2.22 -2.650 -7.691 160. 7.05 171. 7.01 157. 7.50 180. 6.87
6219.280 2.20 -2.549 -7.694 178. 7.11 187. 7.03 166. 7.49 199. 6.93
6220.779 3.88 -2.390 -7.208 63.7 7.41 61.5 7.24 45.8 7.34 33.7 6.64
6226.734 3.88 -2.143 -7.208 76.4 7.40 62.8 7.02 66.5 7.42 58.3 6.83
6232.640 3.65 -1.232 -7.540 112. 6.88 126. 6.94 129. 7.38 122. 6.75
6240.646 2.22 -3.337 -7.661 132. 7.52 115. 6.83 108. 7.29 140. 7.14
6265.132 2.18 -2.633 -7.700 190. 7.25 186. 7.06 171. 7.58 202. 6.99
6335.329 2.20 -2.423 -7.698 189. 7.04 ... ... 165. 7.30 199. 6.77
6380.743 4.19 -1.312 -7.790 84.0 7.14 86.6 7.00 89.7 7.31 90.2 6.98
6385.718 4.73 -1.887 -7.187 18.8 7.11 20.6 7.08 29.2 7.51 19.7 6.99
6392.537 2.28 -4.007 -7.643 79.2 6.91 78.5 6.86 62.2 7.27 84.2 6.74
6574.226 0.99 -5.019 -7.830 157. 7.74 144. 7.20 104. 7.26 164. 7.20
6591.312 4.59 -2.065 -7.697 35.7 7.54 25.6 7.20 28.4 7.50 26.1 7.13
6593.871 2.43 -2.469 -7.629 154. 7.13 174. 7.11 ... ... 174. 6.91
6597.561 4.80 -0.984 -7.190 57.1 7.18 54.3 6.95 72.2 7.41 57.9 6.96
6608.025 2.28 -4.017 -7.648 85.4 7.01 88.0 7.00 66.9 7.33 91.6 6.85
6609.110 2.56 -2.708 -7.610 136. 7.28 143. 7.13 144. 7.71 149. 6.99
6627.543 4.55 -1.542 -7.250 43.5 7.11 50.2 7.10 61.6 7.49 54.3 7.09
6646.930 2.61 -3.988 -7.604 66.5 7.16 61.9 7.05 55.5 7.54 71.2 7.00
6653.851 4.15 -2.475 -7.153 32.7 7.25 23.9 6.98 28.2 7.39 30.6 7.03
6699.141 4.59 -2.167 -7.667 31.8 7.55 22.3 7.22 23.3 7.48 20.8 7.10
6703.565 2.76 -3.078 -7.633 101. 7.14 105. 7.08 94.1 7.38 109. 6.97
6710.318 1.49 -4.876 -7.733 108. 7.12 106. 7.01 87.6 7.49 120. 7.04
6713.742 4.80 -1.485 -7.207 38.4 7.29 29.0 6.96 41.6 7.39 34.3 7.01
6725.355 4.10 -2.257 -7.181 28.0 6.85 40.1 7.02 42.9 7.38 35.4 6.84
6726.666 4.61 -1.062 -7.500 56.9 6.98 67.6 7.00 71.9 7.24 58.5 6.77
6732.064 4.58 -2.208 -7.700 40.5 7.77 ... ... 25.0 7.55 25.9 7.26
6733.151 4.64 -1.490 -7.247 49.4 7.31 44.6 7.07 58.6 7.50 47.6 7.05
6739.520 1.56 -4.955 -7.726 97.5 7.08 85.0 6.84 57.5 7.24 90.5 6.68
6745.100 4.58 -2.164 -7.726 29.5 7.47 16.9 7.04 19.7 7.37 17.7 6.99
6745.955 4.08 -2.709 -7.820 19.8 7.05 15.1 6.85 18.0 7.28 13.4 6.69
6750.151 2.42 -2.672 -7.609 153. 7.42 158. 7.13 154. 7.67 165. 7.00
6806.842 2.73 -3.153 -7.643 106. 7.28 101. 7.02 95.4 7.35 111. 7.02
6839.830 2.60 -3.433 -7.617 95.5 7.11 102. 7.13 86.6 7.41 106. 7.00
6842.685 4.64 -1.245 -7.189 58.8 7.24 65.7 7.18 67.9 7.39 52.6 6.89
6857.249 4.08 -2.125 -7.820 49.1 7.13 46.9 6.97 ... ... 50.0 6.93
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Table 7. Abundance Sensitivities to Stellar Parameters
Species δTeff=+100 K δ logg=+0.25 δ[Fe/H]=+0.1 δξ=+0.3 km·s
−1 ∆A
HF +0.15 -0.01 +0.03 -0.04 ± 0.16 ∗
HF +0.18 +0.00 +0.08 +0.00 ± 0.18∗∗
Fe I (infrared) -0.01 +0.04 +0.00 -0.04 ± 0.06∗
Fe I (optical) -0.01 +0.06 +0.00 -0.12 ± 0.13∗∗∗
Notes: * Baseline model: Teff = 3917 K; log g = 1.30; ξ = 1.75 km/s; [Fe/H]=-0.08.
** Baseline model: Teff = 3725 K; log g = 0.30; ξ = 1.70 km/s; [Fe/H] = -1.10;
*** Baseline model: Teff = 4075 K; log g = 1.45; ξ = 1.67 km/s; [Fe/H] = -0.40;
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Figure 1. Sample spectra for each one of the spectrographs used in the observations: the FTS on the
KPNO 4-m (top panel), Phoenix on Gemini-S (middle panel), and iSHELL on the IRTF (bottom panel).
The selected spectral region includes the HF(1-0) R9 line at 2.3µm and one of the Fe I lines analyzed, both
identified in the spectra.
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Figure 2. The Teff - Log g diagram (Kiel Diagram) for the red giants in this sample; isochrones from
Bressan et al. (2012) for solar (solid lines); -0.5 (dashed lines) and -1.0 (dotted lines) metallicities; ages 1
Gyr (gray lines) and 10 Gyr (blue lines) are also shown as a context to illustrate relative positions on the
red giant branch. The stars are color coded by metallicity.
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Figure 3. Top Panel: The observed and synthetic spectra of the star 41 Com showing the HF(1-0) R9
transition. The syntheses were computed for: A(F) = 4.14 (green dashed line), 4.24 (best synthesis; solid
line) and 4.34 (red dashed line). Bottom Panel: same for the atomic Fe I line at 22,257.107A˚ for A(Fe) =
7.18; 7.28 and 7.38 dex.
30 Guerc¸o et al.
−3.5 −3.0 −2.5 −2.0 −1.5 −1.0 −0.5 0.0 0.5
log gfThis Work
−3.5
−3.0
−2.5
−2.0
−1.5
−1.0
−0.5
0.0
0.5
lo
g 
gf
O
th
er
w
or
ks
Fe I lines
van Hoof (2018)
Kuruc  (2014)
Thorsbro(2016)
Figure 4. The comparison between the solar gf -values for the Fe I lines derived in this work with solar
gf -values from Thorsbro (2016), as well as gf -values from the Kurucz (2014) line list and from van Hoof
(2018).
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Figure 5. A comparison showing that there is good agreement between the equivalent widths of optical
Fe I lines measured in this work with those measured previously by co-author V. Smith. The expected
uncertainties in the measurements, given the spectral resolution and the signal-to-noise ratio (Cayrel 1988)
is ∼ ±2 mA˚.
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Figure 6. Top Panel: the run of the Fe abundances versus the excitation potential, χ, of the Fe I lines in
HD 20305; a zero slope defines the effective temperature for the star. Bottom Panel: iron abundances versus
the reduced equivalent widths (log(EW/λ) for the Fe I lines; a zero slope here defines the microturbulent
velocity (ξ).
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Figure 7. The abundances of F and Fe versus the derived stellar parameters of effective temperature (Teff
and surface gravity (log g) for this study and for Jo¨nsson et al. (2017). The Fe abundance results from
each study for µ Leo are connected by the dashed line. This figure illustrates the attempt in this study to
include a larger fraction of cooler, lower surface gravity, and more metal-poor stars in which to detect HF
in comparison to previous studies, using Jo¨nsson et al. (2017) as the example.
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Figure 8. Top Panel: A comparison of the metallicities ([Fe/H]) derived in this study with results from
the literature. The metallicities from RAVE are from Kordopatis et al. (2013) and from APOGEE are from
DR14 (Holtzman et al. 2018). The expected uncertainties in the derived values of [Fe/H] are ∼ ±0.10 dex.
There are no significant systematic differences between the iron abundances derived here and those from
previous studies; there is only a small mean offset and standard deviation of +0.05±0.11 in [Fe/H] of this
study minus the others. Bottom Panel: A comparison of the effective temperatures for the same stars shown
in the top panel. APOGEE stars and the Arcturus result from Smith et al. (2013) are not shown given that
we adopted their effective temperatures.
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Figure 9. The behavior of the fluorine abundance with metallicity obtained for the studied stars. Dashed
lines representing pure primary and secondary behaviors for the change of fluorine with metallicity are also
shown. The stars are segregated according to their distances, Z, from the Galactic mid-plane. The blue
circles correspond to probable thick disk/halo stars and the red circles to probable thin disk stars. Two
stars identified as probable members of the Monoceros over-density are marked. A representative error bar
is shown.
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Figure 10. The chemical evolution of fluorine viewed as [F/Fe] versus [Fe/H]. The blue circles represent
stars with distances from the mid-plane |Z| > 300 pc, corresponding to the geometric thick disk / halo,
while the red circles correspond to probable thin disk stars (|Z| < 300 pc). Other fluorine abundance results
from the literature are also shown as open symbols. Several chemical evolution models from the literature
are also shown (bottom panel; see the figure key).
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Figure 11. The [F/Fe] abundances as a function of the galactocentric distance, Rg. The blue circles
represent probable thick disk/halo stars and the red circles thin disk stars. The dashed line represents the
best fit slope to the thick disk/halo stars, as they span a significant range in Rg, excluding the two stars
that are identified as probable members of the Monoceros over-density. The distances and uncertainties are
based on Gaia DR2 and were taken from Bailer-Jones et al. (2018).
